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Field of Iiivenrion 

This invention relates to micro fabrication, and more particularly 
to systems, methods, and techniques for manufacmring integrated 
circuit chips using photon lithography. Still more particularly, the 
present invention relates to systems, methods, and techniques in 
corniection with programmable masks for microlichography. 

Background and Summary of the Invention 

Lithography is used to transfer a specific pattern onto a surface. 
Lithography can be used to transfer a variety of patterns including, for 
e.xample, painting, printing, and the like. More recently, lithographic 
techniques have become widespread for use in ''micro fabrication ' - a 
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major example of which is the manufacture of integrated circuits such 
as computer chips. 

In a typical microfabrication operation, lithography is used to 
define patterns for miniature electrical circuits, The lithography defines 
5 a pattern specifying the location of metal, insulators, doped regions, 
and other features of a circuit printed on a silicon wafer or other 
substrate. The resulting serniconductor circuit can perfomi any of a 
nuinber of different functions. 

Improvements in lithography have been mainly responsible for 
10 the explosive growth of computers in particular and. the semiconductor 
industry in general. The major improvements in lithography can, for 
the most part, he put into two categories: an increase in chip size, and a 
decrease in the minimum feature size (improvement in resolution). 
Both of these improvements allow an increase in the number of 
15 transistors on a single chip (and in the speed at which these transistors 
can operate). For example, the computer circuitry that would have 
filled an entire room in 1960's technology can now be placed on a 
silicon "die" the size of your thumbnail, A device the size of a 
wristwatch can contain more computing power than the largest 
20 computers of several decades ago. 

One type of lithography that is commonly used in the mass 
production of computer chips is known as "parallel lithography". 
Parallel lithography generally prints an entire pattern at one time. This 
is usually accomplished by projecting photons through a mask onto a 
25 photoresist-coated semiconductor wafer, as shown in Fig 1 . A mask 



(designated by an in Fig I) provides a template of the desired 
circuit A photoresist coat, which may be a thin layer of material 
coated on the wafer which changes its chemical properties when 
impinged upon by light, is used to translate or transfer the mask 
template onto the semiconductor wafer. In more detail, mask M allows 
photons (incident light, designated by an "I") to pass through the areas 
defining the features but not through other areas. An example of a 
typical mask construction would be deposits of metal on a glass 
substrate. In a way analogous to the way light coming through a 
photographic negative exposes photographic paper, light coming 
through the mask exposes the photoresist. The exposed photoresist 
bearing the pattern selectively "resists" a further process (e.g., etching 
with acid, bombardment with various particles, deposition of a metallic 
or other layer, etc) Thus, this lithography technique using photoresist 
can be used to effectively translate the pattern defined by the mask into 
a stmctural pattem on the semiconductor wafer. By repeating this 
technique several times; on the same wafer using different masks, it is 
possible to build multi-layered semiconductor structures (e.g., 
transistors) and associated interconnecting electrical circuits. 

Parallel lithography as described above has the advantage that it 
is possible to achieve a high throughput since the whole image is 
formed at once. This makes parallel lithography useful for mass 
production. However, parallel lithography has the disadvantage that a 
new mask is required each time one desires to change patterns. 



Because masks can have very complex patterns, masks ^e quite costly 
and susceptible to damage. 

For mass production, parallel lithography is usually done using a 
machine known as a "stepper." As schematically depicted in Fig 1, a 

5 stepper consists of a light source ("I"), a place to hold a mask ("M")^ 
an optical system ("lenses'", "L") for projecting and demagnifying the 
image of the mask onto a photoresist-coated wafer C' W"), and a stage 
("S") to move the wafer, The process of exposing a wafer using a 
stepper is summarized in Fig 2 A, and is depicted from a side view in 

10 Figs 2B^2E. In each exposure, a stepper only exposes a small part of 
the wafer, generally the size of one chip. ..Since there are often many 
separate chips on each wafer, the wafer must be exposed many times. 
The stepper exposes the first chip (Fig 2B), then moves ("steps") over 
(Fig 2C) to expose the next chip (Fig 2D) and repeats this process (Fig 

15 2E) until the entire wafer is exposed. This process is known as "step 
and repeat" and is the origin of the name "stepper." : 

A stepper must also be; capable of precisely positioning the 
wafer relative to the mask. This precise positioning (overlay accuracy) 
is needed because each lithography step must line up with the previous 
20 layer of lithography. A stepper spends a significant portion of its time 
positioning the stage and the rest exposing the photoresist. Despite the 
great precision necessary, steppers rnust be capable of high throughput 
to be useful for mass production. There are steppers that. can process 
one hundred 8-inch wafers per hour. 



One way to increase the usefukiess of a chip is to increase its 
size. In the "step and repeat" example described above, the size of the 
chip is limited to the exposure size of the stepper. The exposure size is 
small (roughly 20 nun x 40 mm) because of the cost of an optical 

5 system that is capable of projecting a high quality image of the mask 
onto the wafer. It is very expensive to increase the size of a chip by 
increasing the exposure size of the stepper (for example, this would 
require a larger lens - which by itself can cost many hundreds of 
thousands of dollars). Another approach is to modify a stepper so that 

10 light only shines on a subsection of the mask at a given time. Then, the 
mask and wafer can be scanned (moved relative to the fixed light 
source) simultaneously until the entire mask is imaged onto the wafer, 
as in Figs 3A-3C. This modified stepper is known as a "scanner" or 
"scanner/stepper''. 

15 Scanners offer increased chip size at the expense of increased 

complexity and mask costs. Because scanner masks are larger, the 
masks are more fragile and are more likely to contain a defect. The 
increased size arid fragility of the mask mean that the masks for a 
scanner will be more expensive than the masks for a stepper. Also, 

20 because the image is being demagnified, the mask and wafer must be 
scanned at different speeds, as depicted by the length of the arrows in 
Figs 3A-3C. Because of the great precision required, differential 
scanning increases the cost and complexity of a scanner when 
compared with a stepper. 



Many chip manufacturers are looking toward future 
improvements in resolution and/or exposure size to help continue the 
growth that has driven the semiconductor industry for the past thirty 
years. The improvements in these areas have been partly the result of 
improvements in the optical systems used to demagnify the mask and 
of the use of shorter wavelength light. In particular, modem 
lithography systems used for mass production are '"diffraction limited", 
meaning that the smallest feature size that it is possible to print is 
determined by the diffraction of light and not by the size of features on 
the mask. In order to improve the resolution, one must use either a 
shorter wavelength of light or another technique such as optical 
proximity correction or phase shifting. 

Another option for improving resolution is to put the mask in 
contact with the wafer, as in Fig 4; the effects of diffraction can be 
lessened by not giving the light a chance to ''spread ouf ' after it passes 
through the mask. Unfortunately, contact lithography is not suitable for 
mass production for at least two reasons. First, the mask must now be 
the same size as the final pattern, making the mask more expensive and 
more fragile. Second, because the mask is in contact with the wafer, it 
is easily damaged. 

The present invention overcomes many of the disadvantages of 
prior lithographic microfabricatipn processes while providing further 
improvements that can significantly enhance the ability to make more 
complicated semiconductor chips at lower cost. 



t . * 

One aspect provided by this invention provides a new type of 
programmable structure for exposing a wafer, The programmable 
structure allows the lithographic pattern to be changed under electronic 
control This provides great flexibility, increasing the throughput a^ 
decreasing the cost of chip manufacture and providing numerous other 
advantages. 

The programmable structure provided in accordance with one 
example embodiment of the invention consists of an array of shutters 
that can be programmed to either transmit light to the wafer (referred to 
as its "open" state) or not trar^smit light to the wafer (referred to as its 
"closed" state). A simplified example lithography system incorporating 
such a programmable mask is schematically depicted in Fig 5 A 
exposing an example pattem. In Fig 5B the same programmable mask 
PPM is shown exposing a different pattern. 

The programmable mask shown in Figures 5 A and 5B can 
provide a two-dimensional array of individual sHuttets each of v^hich 
tan be prograinmed to either transmit light ("open", "transparent") or 
block light ("closed", "opaque"). At least one such two-dimensional 
array of structures can be placed between a wafer and a source of 
electromagnetic energy. Each of the structures may comprise an active 
region supporting an electron distribution that can be changed to affect 
the modulation of electromagnetic energy from said source. The 
structures can be controlled to selectively modulate, in accordance with 
a programmable pattern, electromagnetic energy impinging on the 
wafer. 
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In accordance with this aspect provided by the invention, a 
system for exposing a wafer may comprise a source of electromagnetic 
energy, a collimating lens optically coupled to the electromagnetic 
energy source, a wafer stage, and a two-dimensional array of structures, 
disposed between the wafer stage and the collimating lens. Each of the 
structures in the array may comprise an active region supporting an 
electron distribution that can be changed to affect the modulation of 
electromagnetic energy from said source. An electrical controller 
coupled to the two-dimensional array may be used to electrically 
control the serniconductor structures to selectively modulate, in 
accordance with a changeable pattern, electromagnetic energy from the 
source that is directed toward the wafer stage. 

In accordance with a further aspect provided by the present 
invention, the programmable structure can comprise or include an array 
of selective amplifiers. In accordance with this aspect provided by the 
invention, a programmable electromagnetic energy modulating 
structure comprises a twordimensional array of solid-state selective 
amplifiers each comprising regions of permanently opaque material and 
active regions. Control circuitry disposed within the array can be 
provided to selectively control each of the active regions to toggle 
between an amplifying state and a non-amplifying state. Thus, each 
selective amplifier is programmed to either amplify light (somewhat 
analogous to the ''open" or ''transparent" state of a shutter) or be ''non- 
amplifying'' (its "closed" or "opaque'' state). In the non-amplifying 
state, some portion of the incident light is transmitted through the 
amplifier material. The portion of incident light that is transmitted 
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through the amplifier can range from 0 - 100%, depending on the 
specific design and operating conditions. Selective amplification has all 
of the advantages of a programmable structure that uses shutters with 
several added advantages — including reduction in the time required to 

5 expose the resist. 

In accordance with a further aspect provided by the invention the 
shutters and selective amplifiers can work in tandem to form a 
"programmable layer". When the programmed pattern calls for light to 
pass (or, not pass) through a particular pixel, both the selective 

10 amplifier and shutter corresponding to that pixel would be put into their 
open (or, closed) state. Figs 6 A-6F schematically depicts. the operation 
of an example shutter (labeled as "SFf') (Figs 6A-6B), an example 
selective amplifier (labeled as ''AM") (Figs 6C-6P), and an example 
device (labeled as "X") combining the two (Figs 6E-6F). In each of 

15 these figures, "I" represents the intensity of light incident on the 
shutter/amplifier, and " V " represents the light intensity after 
interacting with the shutter/amplifier, Combining a selective amplifier 
with a shutter in this manner achieves increased contrast over selective 
amplification alone. 

20 In accordance with another aspect provided by the present 

invention, a programmable technique is provided for creating a pattern 
to be imaged onto a wafer that can be implemented as a viable 
production technique. Thus, the present invention also provides a 
technique of making integrated circuits. In accordance with this aspect 

25 provided by the invention, a wafer having a surface covered with 
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photoresist is placed on a movable wafer stage.. A source directs 
electromagnetic energy toward a two-dimensional array of 
semiconductor structures disposed between the source and the wafer 
stage. The electron distribution within the structures is electrically 
controlled to define a desired microfabrication exposure pattern that 

1 ■ . " 

modulates electromagnetic energy from said source that irnpinges on 
the wafer in accordance with a pattern. The modulated energy is used 
to expose the photoresist with the pattern. The wafer is then etched to 
selectively remove portions of the photoresist based on the desired 
microfabrication exposure pattern, and the etched wafer is treated to 
construct a semiconductor structure layer on the wafer. 

. In accordance with a further aspect provided by this invention, a 
diffraction limiter can be used to provide certain advantages associated 
with contact lithography without requu^ing some of the disadvantages of 
contact lithography. In accordance with this aspect of the invention, 
the diffraction limiter may provide an opaque layer in which there is an 
array of transparent regions ("holes") distribu^^^ 
correspondence to the selective amplifiers/shutters. The diffraction 
limiter is placed in contact with the wafer, and the light that passes 
through the programmable layer is incident upon it. The diffraction 
limiter allows the advantages of contact lidiography while maintaining 
the distance between the programmable layer and wafer. 

In accordance with a fiirther aspect provided by the present 
invention, a programmable shutter array, a programmable selective 
amplifier array, and a diffraction limiter can all be used in a common 
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system. For example. Fig 7A depicts schematically a lithography setup 
incorporating the above three components. Fig 7B shows a zoomed-in 
view of the diffraction limiter (denoted by "D'') and wafer section. 
These three components provide a programmable lithography system 
5 that offers high throughput, extremely accurate pattern reproduction, 
and excellent resolution. ^ 

Implementing a diffraction limiter in conjunction with any 
programmable lithography system should significantly reduce the 
disadvantages associated with contact lithography. This device is 

10 placed in contact with the wafer and thus reduces the effects of 

diffraction (see Figs 7A and 7B.) Even though the diffraction limiter is 
close to the wafer and could be damaged, it is inexpensive and is easily 
. replaced. Additionally, one can apply techniques such as phase 
shifting and/or optical proximity correction on the diffraction limiter 

15 itself. Because of the simple, regular shape of the pixels on the 
diffraction limiter, such corrections should be easily optimized. 

Lithography in accordance with the present inverition potentially 
allows a high throughput to be achieved. For example, only a single 
programmable structure is necessary to print any desired pattern. A 
20 non-exhaustive list of some of the many features and advantages 
provided by the present invention are as follows: 

Programmable lithographv offers increased flexibilitv over 
conventional parallel lithography . This increased flexibility means 
that a greater variety of chips can be easily produced, It also opens 
25 up ways to improve the. manufacture of all types of seniiconductor 



products. It also simplifies the entire process of designing and 
manufacturing semiconductor products. 

No need to have different masks to produce different chips . 
Because a single prograrnmable structure can be programmed with 
an arbitrary pattern, it is no longer necessary to fabricate (and 
purchase) new mask sets in order to print new chips. This is 
extremely cost-effective for producing small quantities of 
specialized chips because the cost of a mask set can be prohibitively 
expensive. In producing large quantities of chips the cost of the 
mask set is less significant because it is a fixed cost amortized over 
many more chips. 

Electronic alignment . Because it is extremely important to line up 
the current lithography step with previous steps, steppers spend a 
significant amount of time mechanically aligning the wafer with the 
mask. With programmable lithography the pattem can be 
^rogrammfed into the '"programmable layer'' (i.e. the progranimable 
iarea within the mask) such that it is aligned with the wafer. Tjhis 
saves time over having to mechanically align as in the case of a 
conventional mask. 

Disconnecting the size of the chip from the exposure size of the 
stepper . In conventional parallel lithography, the size of a chip is 
determined by the exposure size of the stepper. However, with 
programmable lithography a different pattem can be loaded into the 
programmable layer at each exposure. Hence, there is no longer 
any reason that the same pattem needs to be imaged each time the 
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Stepper does an exposure. Consequently, in programmable 
lithography, the size of the chip is not intrinsically determined by 
the size of each mdividual exposure. This "disconnect" between 
chip and exposure size is a significant advantage of programmable 
lithography because chip performance and chip size are closely tied 
together. 

Simplified optical proximity correction . Optical proximity 
correction is a technique that is used to increase the resolution of the 
optical system at a given wavelength of light. Because of 
diffraction, the pattern on the mask is not faithfully reproduced on 
the wafer. In order to compensate for this, the pattern on the mask 
can be altered to account for diffraction so that the desired pattern 
can be imaged onto the wafer. One problem with this technique in a 

r ' ■ ■ 

conventional mask is that it is difficult to decide how to alter the 
shape on the mask such that the desired shape will appear on the 
wafer. This is mainly due to the size and complexity of the desired 
pattern. Programmable lithography greatly simplifies this problem 
because in programmable lithography the same shape (e.g., a 
square) is always being imaged onto the wafer by each pixel, and 
the correction can be made on a pixel-by-pixel basis. 

Simplified phase shifting . As with optical proximity correction, 
phase shifting is also a technique that is used to increase the 
resolution of the optical system at a given wavelength of light. In 
this technique, a material that causes a phase shift in light is placed 
on the mask. The phase shifting material causes destructive 
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interference at the wafer between light from neighboring features in 
order to eliminate the diffraction tails. Phase shifting also suffers 
from the same problem as optical proximity correction; due to the 
size and complexity of the pattern it is difficult to decide where to 
place the phase shifting material. As with optical proximity 
correction, programmable lithography allows this problem to be 
greatly simplified because the same shape is always being imaged 
onto the wafer at each pixel. Programniable lithography also allows 
the possibility of active phase shifting. In active phase shifting, 
each pixel would contain an additional layer in which there would 
be a material whose index of refraction changes when a voltage is 
applied. 

Simplification of the chip making process . One of the big problems 
facing chip manufacturers is the growing complexity of the chip 

» 

making process. With each new chip the manufacturer must get a 
brand new mask set. They must also inspect and repair these 
masks, With progranimable lithography only a single 
programmable structure is needed to produce an entire chip. In the 
event that a programmable mask breaks it can simply he replaced 
with another identical programmable mask. Additionally, 
programmable lithography will facilitate research and development 
of new products because of the greater ease of producing prototype 
devices. 

The shutters and/or selective amplifiers can be fabricated easily . 
Each individual shutter can be a device similar to devices that are 



typically used in chips themselves. This allows the design and 
fabrication of the shutter to draw on the enormous amount of 
icnowledge associated with production techniques and operation of 
these devices. 

The shutters and/or selective amplifiers can be small and densely 
packed. Small shutters mean that the lithography system can 
produce small features without the need for demagnification, 
although it could be used in a system that does include ; 
demagnification. Densely packed shutters mean high throughput 
because they reduce the number of exposures necessary to expose 
the entire wafer. 

The shutters and/or selective amplifiers can work for short 
wavelength light . Shorter wavelengths provide better resolution, 
which is important for chip performance. 

The shutters and/or selective amplifiers generally will not break 
during normal operation . This is important because the mask must 
be able to flawlessly reproduce the desired image. If even a single 
pixel is incorrect then the entire chip is likely to be worthless. 

The shutters and/or selective amplifiers can switch states quickly . 
The speed of the shutters is relevant for throughput and may 
become significant when many shutters must be addressed. 

Selective amplifiers can be used alone and/or in combination with 
programmable shutters. An array of selective amplifiers can be 
used in the place of or in addition to a PPM to project more light 



onto the wafer in some areas than in others corresponding to the 
pattern to be imaged. Or, an array of selective amplifiers can be 
used in a stand-alone system, e.g., when the non-amplified light is 
not sufficient to expose the resist and the amplified light is. 

• Programmable lithography provides a resolution and throughput 
comparable to conventional parallel lithography while retaining all 
of the advantages of programmable lithography. 

Brief Description of tlie Drawings 

These and other features and advantages provided by the present 
invention will be better and more completely understood by referring to 
the following detailed description of presently preferred example 
embodiments in conjunction with the drawings, of which: 

Fig I shows an example prior art technique of parallel 
lithography using a stepper; 

Fig 2 A smnmarizes. the operation of an example prior art stepper; 

Figs 2B to 2E. show the simplified operation of an example prior 
art stepper; 

Figs 3 A to 3C show the simplified operation of an example prior 
art scanner; 

Fig 4. shows an example prior art contact lithography technique; 

Figs 5A and 5B show a simplified example of technique of 
lithography in accordance with a preferred embodiment of the present 
invention using a programmable structure; 
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Figs 6 A and 6B illustrate example operation of shutters provided 
in accordance with the present invention; 

Figs 6C and 6D iUustrate example operation of selective 
amplifiers provided in accordance with the present invention; 

5 Figs 6E and 6F illustrate example operation of a combination 

. shutter/selective amplifier array in accordance with the present 
invention; 

Fig 7A shows an example lithography setup in accordance with a 
presently preferred example embodiment of the present invention; 

10 Fig 7B shows a zoomed- in view of the dif&aetion limiter and 

wafer of Fig 7A; . 

Fig 8 shows a more detailed example ernbodiment of the 
invention and its coniponents in accordance with the present invention; 

Fig 9 show? an example single selective amplifier and its 
15 components in accordance with the present invention; 

Fig 10 shows an example single shutter and its components in 
accordance with the present invention; 

. Fig 1 1 shows an example single programmable pixel and its 
components in accordance with the present invention; 

20 Figs 12A to 12H show an example technique of programmable 

. lithography for a "4-step programmable layer'' in accordance with the 
present invention; 
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Fig 13A summarizes an example electronic alignment technique 
in accordance with the present invention; 

■ . ■ ■ 

Figs 13B to 13G shows an example electronic alignment 

technique in accordance with the present invention; and 

Figs 14A to 14F show an example technique in accordance with 
the present invention for printing chips that are l^ger than the exposure 
size of the mask. 

Detailed Description of Example Embodiments 

In an example preferred embodiment, the invention consists of 
three main components: an array of selective amplifiers 10, an array of 
solid-state shutters 12, and a diffraction lirniter 14. Taken together, the 
array of amplifiers 10 and the array of shutters 12 form what we shall 
call a "programmable layer", PL. Fig 8 shows these three components 
incorporated into an^example setup for performing lithography. In this 
figure, incident light, I, shines on the programmable layer from above. 
A pattem generator feeds the user-defined partem into the 
programmable layer. 

The array of selective amplifiers 10 consists of regions of a 
permanently opaque material 22 (a metal such as aluminum) and active 
regions 20. Each active region 20 within the array of selective 
amplifiers 10 is associated with a single selective arnplifier 40. The 
active regions 20 can be toggled between a non-amplifying 20a and 
amplifying 20b state via control circuitry (designated by an encircled 

CI). ■ . - 
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Following the array of selective amplifiers 10 is an array of 
solid-state shutters 12. The array of solid-state shutters 12 consists of 
regions of a permanently opaque material 22 and active regions 24. 
Each active region 24 within the array of shutters 12 is associated with 
5 a single shutter 60, The active regions 24 can be toggled between an 
opaque 24a and a transparent 24b state via control circuitry 
(designated by an encircled C2). 

For reference, a given selective amplifier 40 and its 
corresponding solid-state shutter 60 will be taken as a ''programmable 
10 pixer 100. 

A diffraction limiter 14 is placed in contact with a resist-coated 
wafer. The diffraction limiter 14 is comprised of regions of a 
transparent material 30 (such as single crystal sapphire) and regions of 
an opaque material 32 (a metal such as aluminum). In the preferred 
15 embodiment, this is accomplished by depositing opaque rnaterial such 
as aluniinum onto a transparent substrate such as sapphire. The 
tfiahspar^^^^ 

active regions of the programmable pixels in the programmable layer. 

Fig 9 details a single selective amplifier 40. Each single selective 
20 amplifier 40 consists of a section (46, 48, 50, 52) capable of selectively 
amplifying a beam of light, the circuitry CI needed to control the state 
of the selective amplifier, and a material 22 that blocks the light 
between adjacent selective amplifiers. In the preferred embodiment, 
the section capable of selectively amplifying light is a jimction 52 
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between a p-type semiconductor 48 (such as p^doped GaN) and an n- 
type semiconductor 50 (such as n-doped GaN) with metal contacts 46 
(such as aluminum) that ^e used to bias the junction 52. The control 
circuitry CI would be capable of turning the bias on or off. The plane 

5 of the p-n junction 52 is oriented such that the normal of the plane is 
perpendicular to the incoming light. The p^n junction 52 is exposed to 
the incident light through a hole 44 in the permanently opaque region 
22. The semiconductor rnaterials 48 and 50 must be chosen such that 
stimulated emission occurs for the wavelength of incident light being 

10 used. 

Fig 10 details a single solid-state shutter 60, Each single solid- 
state shutter 60 consists of a section (66, 68, 70, 72) capable of either 
blocking or transmitting the incident light, the circuitry C2 needed to 
control the state of the shutter, and a material 22 that blocks the light 

15 between adjacent shutters. In the preferred embodiment, the section 
capable of either blocking or transmitting light is a MOS structure: an 
insulator region 68 (such as Si02) is sandwiched between metal 
electrodes 66 (such as aluminum) and a semiconductor region 70 (such 
as n-doped (n"^) GaN). Control circuitry C2 is used to bias the MOS 

20 stmcture across the electrodes 66. The active region 72 is exposed to 
the incident light through a hole 64 in the permanently opaque region 
22. 

Fig 1 1 details a programmable pixel 100. Each programmable 
pixel 100 consists of a single selective amplifier 40, a single shutter 60, 
25 a transparent insulator 102 (such as Si02) between the amplifier and 
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shutter, the control circuity, represented by an encircled CI and C2, 
needed to control the state of the pixel, and a material 22 tiiat blocks 
the light between adjacent pixels. The active region of the amplifier 
portion 52 must overlap the active region of the shutter 72 to form the 
active region of the pixel 104. The active region of the pixel 104 is 
exposed to the incident light through a hole 106 in the permanently 
opaque region 22, 

The combined control circuitry, CI and C2, needs to be capable 
of toggling a voltage across each individual pbcel 100 depending on the 
pattern supplied by the user via the partem generator. This control 
circuitry is similar to the standard type of addressing , used in memiory 
devices or an LCD. 

The above-described example embodiment is specified as to be 
useful in a lithography system utilizing (approximately) 385 nm (and 
longer) wavelength light. However, there are many other possible 
embodiments. For iiistance, the choice of ;specific materials for the 
various sejrniconduc tors and insulators can render the system useful for 
other wavelengths of incident light. Specifically, the band gap of the 
semiconductor in the selective amplifier determines the wavelengths of 
light that can be amplified. Of course, the materials chosen for the 
amplifier must he capable of amplifying light. For example, this could, 
be accomplished in the manner described in the ensuing theory of 
operation section. Likewise, for the shutter, the materials used can be 
optimized for operation with a selected wavelength of incident light, 
again described in the theory of operation section. 



Also, the specific geometry of electrodes and active materials 
could be modified while still retaining the usefiihiess of the mvention. 
For instance, all the electrodes could be placed on the top surface of 
the device. Or, for example, the orientation of the plane of the 
5 junctions does not necessarily need to be completely perpendicular to 
the incoming light. This could simplify the fabrication process of the 
pixels. 

Furthermore, since shorter wavelengths are desirable in 
lithography, materials with a large band gap are desirable for use in the 

10 pbcels. In fact, some materials diat may not typically be thought of as 
semiconductors may be useful for our purposes because they have a 
large band gap, such as sapphire, diamond, Si02, LiF, ZnS, AIN, ZnSe, 
etc.. Additionally, in the amplifier section, our invention uses electric 
fields to induce a population inversion, but this is not the only possible 

15 means of doing so.. Other techniques include but are not limited to 
optical pumping, thermal pumping, etc... Similarly, in the shutter 
section, our invention uses electric fields to change the density of 
occupied states, but this is not the only possible means for doing so. 
Other techniques include but are not limited to changing the 

20 temperature of the semiconductor or shining light onto the 
semiconductor. 

There is a large field of research devoted to controlling 
population densities for the purpose of creating, manipulating, 
blocking, or amplifying light. One active area of interest in this field is 
25 the creation of semiconductor lasers. Many of the structures created 
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for semiconductor lasers or optical amplifiers could be used for 
selective amplification (in fact, semiconductor lasers could be used in 
the place of the selective amplifiers, in which case an external light 
source would not be necessary.) These other structures would include 

I 

but would not be limited to heterostructures and vertical cavity surface 
emitting lasers (VCSELs). Similar structures could also be used for the 
shutter. While these other structures operate on similar principles to 
those described in the theory of operation section, they might provide 
some advantages, like decreasing the amount of voltage or current 
required to operate the device, or increasing the area of the active 
region. 

There are also many possible alternate embodiments for the 
dif&action limiter. The materials must merely satisfy the requirement 
that the transparent regions individually correspond to the locations of 
the active regions of the programmable pixels in the programmable 
layer with opaque regions in between. For instance, the transparent 
regions could be physical holes etched through an opaque substrate, or, 
the transparent and opaque regions could be semiconductors with 
varying levels and/or kinds of doping. 

Example Operation of Preferred Embodiments 

In accordance with the preferred embodiments described above, 
each individual pixel 100 has the ability to either block or amplify light, 
, I, and is able to be toggled between the two settings by means of the 
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control circuitry CI and C2. The pattern generator will control the 
individual pixels 100 in such a way that the control circuitry CI and C2 
always act in tandem within a given pixel. 

The pattern generator addresses the control circuitry CI to 
control a potential difference across the metal contacts 46. If the 
semiconductor 48 is doped n-type and the semiconductor 50 is doped 
p-type, then a depletion region is created in the active region 52. When 
a potential difference is applied across the contacts 46, a population 
inversion is formed in the depletion (active) region 52. Incident light of 
the appropriate wavelength causes stimulated enyssion and is thus 
amplified in the active region 52. If no potential difference is applied 
across the contacts 46,. the light passes through the region 52 unaltered. 
This satisfies our requirement for a selective amplifier. 

The pattern generator simultaneously addresses the control 
circuitry C2 to control a potential difference across the metal contacts 
66. Wheri a poterifial difference is applied, this changes both the 
density pf states anid the . conductivity of the semiconductor 70 in the 
region 72 adjacent to the semiconductor-insulator (70-68) interface. 
For instance, if the semiconductor 70 is doped n-type and a proper 
potential difference is applied across the metal contacts 66, then a 
depletion region is created in the active region 72. In the depletion 
(active) region 72 the conduction band electrons are repelled by the 
electric field created by the bias. The conductivity is dramatically 
decreased in the depletion (active) region 72. The density of occupied 
states in the depletion (active) region 72 is also changed because the 
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States at the bottom of the conduction band that were previously filled 
are no longer filled. Hence, incident light with energy less than the 
semiconductor 70 band gap is transmitted through the device in the 
presence of a potential difference, and is absorbed iii the absence of a 
potential difference. (Conversely, as per the theory of operation 
section, certain wavelengths of light with an energy greater (including 
Xrrays) than the semiconductor 70 band gap are transmitted through the 
device in the absence of a potential difference, and are absorbed in the 
presence of a potential difference.) This satisfies our requirenient for a 
shutter. 

In order to utilize the programmable layer, PL, one must do a 
series of exposures of the photoresist 33. Between each exposure two 
actions can be taken; (a) any or all of the pixels 100 can be toggled to 
a new state, and/or (b) the substrate can be moved, if necessary. By 
selecting which pixels 100 to make opaque or transparent the 
manufacturer can generate any p^ttem that he or she desires. Figs 12A 
to 12H depict an example of this process using what we shall call a "4- 
step programmable layer," The term "4-step" means that in order to 
create a pattem that fills the entire area of the mask, the substrate must 
be exposed four times. Each step is shown in a different pair of 
figures, one representing a perspective view and the other representing 
a top view. For example, Figs 12A and 12B both depict the first 
exposure step, from differing views. In the example depicted, the 
printing of the desired pattem is completed in the last step, shown in 
Figs 12G and 12H. Another case would be if the programmable layer 
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were designed such that the desired pattern could be printed without 
needing to move the substrate at all (similar to the setup in Fig 7A)- 
Lithography using this 'U -step programmable layer" would act as a 
fiilly parallel process. 

A light source, I, illuminates the programmable layer, PL, from 
above and the light transmitted 31 by the layer passes through a lens, 
L, and is demagnified. After demagnification, the image of the 
programmable layer, PL, impinges on the diffraction limiter 14 which 
is held in close proximity with a substrate coated with a photosensitive 
resist 33 as in Fig 8. Light 31 is only transmitted through the 
diffraction limiter in transparent regions 30 and not through regions 
covered by opaque material 32, and thus exposes the resist in regions 
35. The same setup is depicted in a more schematic way in Fig 7 A for 
purposes of clarity. 

One exaniple technique for electronic alignment is summarized 
in Fig 13 A. Fig 13B shows a wafer, W, that has been previously 
processed. Fig 13G shows the pattern that the user intends to add and 
its position relative to the previously processed features. Fig 13D 
shows the programmable layer, PL , coarsely aligned with the wafer. 
At this stage, the programmable layer is not yet aligned to with a pixel, 
and if an exposure were made the resulting pattern would be 
misaligned with the previously processed features as in Fig 13E. Fig 
13F shows the programmable layer after alignment to within a pixel, 
and the subsequent successful exposure. Given a different coarse 
alignment. Fig 13G shows the case in which a different individual pixel 
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in the programmable layer has been aligned with the previously 
processed features, and the subsequent successful exposure. Figs 13F- 
13G together demonstrate that the absolute location of the 
programmable layer relative to the wafer is not important as long as the 
5 programmable layer is aligned to within any single pixel. The pattern 
can be electronically shifted to a new set of pixels in the prograrnmable 
layer such that they will project the image in the correct location. 

An example of how to use an example preferred embodiment 
provided in accordance with the present invention to disconnect the 

10 chip size from the exposure size is smiimarized in Fig 14A. Fig 14B 
shows the pattern that the user intends to print on the wafer, W. Note 
that this pattern is about four times the single exposure size of the 
programrnable layer, PL. In each of the Figs 14C-14F, the 
programmable layer is loaded with the proper section of the total 

15 pattern, an exposure is made, and the wafer is moved to the left by a 
fixed amount. In Fig 14F, the desired pattern has been printed. 

Theory of Operation 

We begin with a discussion of an example shutter in accordance 
with the present invention, followed by a discussion of an example 
20 selective amplifier in accordance with the present invention. 

For the preferred embodiment array of shutters to work, it is 
necessaiy that the various shutters can be made either "transparent" or 
"opaque" to the incident light. For a mask, both terms "transparent" 
and '-opaque" describe the ratio of the intensity of incident li^t to the 
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intensity of transmitted light. An "opaque'' material is different relative 
to a "transparent" material in that the amount of light attenuated is 
much greater in the case of the "opaque" material. The amount of 
attenuation is best measured using the concept of an attenuation 
coefficient, a, defined by the relation ^ 
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where / is the transmitted intensity, to is the incident intensity, and z is 
the thickness of material traversed Using this, if we compare the 
transmitted intensities through a "transparent" material and an 
10 "opaque" material, we get a measure of the contrast in light impinging 
on the resist, C, as 
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If this contrast is a large number, the resist will only be actively 
15 exposed when the shutter is in the "transparent" state, Thus, if we can 
control the attenuation coefficient in a material, i.e. vary it from 

transparent to a opaque SO that their difference is appreciable, then the 
system is a usefiil candidate for a programmable mask. 

The attenuation coefficient, a, arises from all possible 
20 mechanisms of absorption of the light combined. For our system, the 
two mechanisms we are most interested in are (a) absorption by "free" 
carriers in the conduction band, and (b) atomic/interband photoeffect. 
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Absorption by ^ree^ carriers in tlie conduction band 

In a simple classical model of conduction, the conductivity of a 
material is directly proportional to the nvimber of free electrons per unit 
volume available to interact, These charges are capable of absorbing 
or reflecting the incident light If the fields of die light are hamionic as 
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then vsre can write the wavevector as 
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where ju is the magnetic permeability, £ is the dielectric constant, a is 
the conductivity of the material, c is the speed of light, and co - E/A is 
the cb^cular frequency of the light. 



Inserting Eq. (4.) into Eq. (3.), and using die e 



dependency, we see that the amplitude of the light incident in the z 



az 



direction will drop off exponentially as e ^ , and hence the intensity 
will go as e'''' , verifying that a is indeed the attenuation coefficient 
mentioned earlier. Hence, a change in the conductivity, a, in Eq. (4.) 
will result in a corresponding change in the attenuation coefficient, a- 



Although the above classical treatment is not sufficient to 
describe the details of the interactions of photons with the conduction 
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band electrons, the qualitative property of the conductivity affecting the 
absorption coefficient still holds true. For a more complete description, 
one must treat the system quantum mechanically. The next section 
deals with the quantum mechanical interaction of light with a solid. 

Absorption via atomic/interband photoeffect 

In this case, an electron absorbs an incident photon and is 
promoted to an excited state. If the energy of the light is insufficient to 
liberate it from the material completely (photoelectric knockout), then 
the electron must be promoted into another quantized state in the 
material. If such a state does not exist, the incident photon is not 
absorbed because energy cannot be conserved. Furthermore, if the 
state does exist but is. already occupied by another, electron (ignoring 
spin), the transition is also forbidden by the Pauli principle. If the 
transition is allowed, the probability that such an interband transition 
will occur can be written 

where T//- is the transition matrix element, g/ (Ei) is the density of states 
initially occupied by electrons, and gf{Ef) is the density of unoccupied 
fmal states into which the electron may be promoted. The attenuation 
coefficient is proportional to this probability, Pif , Hence, if one can 
change either g/ or g/ then one can effectively make the material 
"transparent" or "opaque". 

To illustrate how the absorption can be controlled in a shutter we 
now look to specific examples. 



We will consider a Metal-Oxide-Semiconductor device 
. (-'MOS'') as an example, but the discussion could also be applied to 
other structures such as p-n junctions, and even insulators. The region 
of interest will be in the semiconductor, near the interface with the 

5 oxide. The serniconductor has a band gap which we will choose to be 
1 eV. In the intrinsic case, light with an energy less than 1 eV mcidQUt 
oh the semiconductor is riot able to promote electrons from the valence 
band to the conduction band. Hence, interband transitions will not 
contribute to the attenuation coefBcient. The "free" electrons in the . 

10 conduction band solely interact with the incident light. With this, if we 
consider the case where we dope the semiconductor as n-type (i,e. 
adding more free electrons to the conduction band), more light will be 
absorbed as we increase the dopant concentration (because there are 
more electrons interacting). For light energies less than the band gap, 

15 we will consider the material to then be "opaque" to the light, as the 
electrons in the conduction band absorb a significant amount of the 
incident intensity. 

Next, if we apply a voltage to the MOS structure, we create a 
region near the interface in which the number of conduction band 

20 electrons is reduced compared to the non-biased case. Now we have a 
situation where the amount of light absorbed is less, because we have 
in effect changed the conductivity of the semiconductor in this 
depletion region. This situation is "transparent" relative to the 
aforementioned "opaque" setup. The actual materials used and the 

25 technique for creating the depletion region should be chosen in such a 



way to maximize the contrast, C, while keeping the actual transmitted 
intensity, Itransparem^ large as possible (so that the process takes as 
little time as possible.) 

Another example would be to choose incident light with an 

5 energy just larger than the band gap energy. Then, interband 

transitions are likely to dorninate the absorption. In the same n-type . 
doped MOS structure as above, the density of unoccupied states in the 
conduction band, g/, into which a valence band electron can be 
promoted is reduced near the bottom of the conduction band. This is 

10 due to the presence of a large concentration of electrons from the 

dopant atoms. Now, consider the situation in which we apply a voltage 
across the interface. This creates a depletion region in which there are 
fewer electrons present in the conduction band, and hence more 
unoccupied states. Comparing the biased and unbiased situations, one 

15 can see that the latter should be more ''opaque" than the former, 

because more valence band electrons can be promoted into the newly 
vacated conduction band states. Once again, materials and voltages, 
etc. can be chosen to maximize both contrast and "transparent" 
intensity. Also, if we had used p-type doping rather than n-type, a 

20 corresponding change in gi would have appeared. Depleting the region 
of holes would have the same effect of toggling the. state of the shutter. 
One should note that in the previously stated examples, the attenuation 
coefficient is only appreciably changed for a specific range of light 
energies, deterniined by properties such as but not limited to the choice 

25 of materials in the MOS structure, the bias supplied, and the dopant 
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density. It should also be noted that this transition-rblocking effect can 
work for photon energies corresponding to any transition within the 
material. For example, changing the density of unoccupied states in the 
conduction band, g/ , can afifect the absorption of light (x-rays) on inner 
5 shell electrons in a material Higher energies of light are desirable in 
lithography because the effects of diffraction are reduced as the light 
ener^ is increased. 

Next, for the preferred embodiment array of selective amplifiers 
to work, it is necessary that the various selective amplifiers can be 

10 made either "amplifying'' or "non-amplifying" to the incident light. For 
a mask, both terms "amplifying" and "non-amplifying" describe the 
ratio of the intensity of incident light to the intensity of output light. An 
"amplifying" state is defined relative to a "non-amplifying" state in that 
the amount of light at the output is much greater. Using this, if we 

15 compare the output intensities through an "amplifying" material and a 
"non-amplifying" material, we get a measure of the contrast in light 
impinging on the resist, Q as 

I I 

ampiifvittff ^amplifying \ 

non^ amplifying o 

where Inon-ampHfying is the incident intensity 4, and lampnjymg is the output 
20 intensity. The contrast is typically an increasing function of the 
thickness of the selective amplifier. 

If this contrast is a large number, the resist will only be actively 
exposed when the selective amplifier is in the "amplifying" state. 
Thus, if we can control the amount of amplification in a material such 
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that C is large, then the system is a useful candidate for use in a 
progranimable mask. 

The amplification occurs by a process known as stimulated 
emission. If an electron exists in a state that is an energy AE above 
another state, then when the electron drops (makes a transition) from 
the higher state to the lower state it will emit a photon with energy AJE. 
A photon with energy ziE that passes near the electron in the excited 
state can cause the electron to drop to the lower state and emit a photon 
with the same energy, phase, and direction as the first photon. This is 
the process of stimulated emission. Stimulated emission is a wellr 
known process and is the basis of the laser. In order for stimulated 
emission to occur, several conditions must be met. One condition is 
that there must be a population inversion. Ordinarily, electrons are in 
the lowest state available to them. When there are more electrons in an 
excited state than in the lower state then a population inversion exists. 
Another condition for stirnulated emission is that there must be initial 
photons of the proper energy to cause the electrons to drop from the 
excited state. 

In the preferred embodiment of the array of selective amplifiers, 
biasing the p-n junctions causes population inversions and the incident 
light provides the initial photons necessary for stimulated emission. 
The light that is shined on the biased p-n junctions is therefore 
amplified; the biased situation is the aforementioned ''amplifying'' state. 
The light that is incident on the unbiased p-n junctions is transmitted 
but not amplified. This allows the incident light to be selectively 
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amplified by controlling which p-n junctions are biased. As long as 
there is appreciable amplification, and hence appreciable contrast, 
selective amplifiers can be useful in a lithography system. 

Although the preferred enibodiinent describes a complex device 
that combines various components, each component in itself represents 
either a new technology or a great improvement upon existing 
technology. For example, an array of selective amplifiers or an array of 
shutters could be used as a stand-alone programmable structure, either 
with or without a diffraction liniiter. Additionally, either type of array 
or a diffiraction limiter could be implemented as part of any 
programmable lithography schenie. 

Therefore, while the invention has been described in connection 
with what is presently considered to be the most practical and preferred 
embodiment, it is to be understood that the invention is not to be 
limited to the disclosed embodiment, but on the contrary, is intended to 
cover various modifications and equivalent arrangements included 
within the spirit: and scope of the appended claims.. 



